While mechanisms of cytokinesis have been identified in single cell models, the spatial and temporal regulation in developing tissues is less understood. Here we compare cytokinetic furrowing and abscission in mouse neuroepithelial stem cells (NESCs) at different developmental stages and in a cytokinesis mutant. We image abscission dynamics in this polarized epithelium for the first time. We find that furrows of NESCs ingress asymmetrically at a steady rate, and form the midbody at the apical membrane. Abscission is usually observed on each midbody flank, releasing the midbody remnant onto the apical surface. Interestingly, midbody remnants are more associated with early proliferative divisions. In the microcephalic Kif20b mutant, NESC abscission is accelerated, and daughter cells show increased cell cycle exit that is p53-independent. These results suggest that abscission in stem cells is developmentally regulated to influence daughter cell fates and ensure proper brain growth and structure.
Introduction
Regulation of cytokinesis is essential for the formation of every tissue in the body. However, the roles of cytokinesis in the stem cells that produce daughter cells in a specified order to build multicellular tissues have only begun to be addressed. In particular, the temporal and spatial regulation of cytokinetic abscission in stem cells may influence the balance of proliferation, differentiation, and daughter fates, but it remains poorly understood.
The basic mechanisms of cytokinetic furrowing and abscission have been established primarily from studies in single cell models (Green et al., 2012; Herszterg et al., 2014; Nahse et al., 2017) . After chromosome segregation, cleavage furrow ingression compacts the central spindle microtubules into a structure called the midbody (MB) within the intercellular bridge. The MB contains > 150 proteins that assemble into domains including a central bulge and lateral flanks (Mierzwa and Gerlich, 2014; Skop et al., 2004) . Abscission, severing of the intercellular bridge, occurs when MB microtubules are disassembled at constriction sites on the MB flanks, coincident with plasma membrane scission (Connell et al., 2009; Guizetti et al., 2011) . Evidence from developing worms and flies, as well as mammalian stem cell lines, suggests that temporal and spatial regulation of abscission can influence cell polarity and fate (Dionne et al., 2015; Ettinger et al., 2011; Kuo et al., 2011; Lenhart and DiNardo, 2015; Pollarolo et al., 2011; Salzmann et al., 2014; Singh and Pohl, 2014) . In cancer-derived cell lines, phagocytosis of MB remnants promotes proliferation (Peterman et al., 2019) . More study is needed to understand how these cytokinetic mechanisms are regulated in stem cells to build tissues such as the brain.
Neuroepithelial stem cells (NESCs) of the cerebral cortex appear to be especially vulnerable to perturbations in cytokinesis, perhaps because they must maintain the pseudostratified epithelial structure and produce billions of neurons and glia in a short time. Indeed, mouse and human mutations in genes encoding MB proteins cause lethal microcephaly (Bondeson et al., 2017; Di Cunto et al., 2000; Frosk et al., 2017; Janisch et al., 2013; Li et al., 2016) . NESCs are highly polarized, with apical endfeet that line the lateral ventricle, and long basal processes that contact the pia. Their nuclei move to the apical membrane for mitosis and cytokinesis. At first, NESCs perform symmetric proliferative divisions to produce two NESC daughters and expand the epithelium.
Later, NESCs increase neurogenic divisions, producing neuron daughters that exit the cell cycle, detach their apical junctions, and migrate basally (Bizzotto and Francis, 2015; Dwyer et al., 2016) . The mechanisms that change from proliferative to neurogenic divisions remain poorly understood. Candidate fate determinants include apical components that are segregated during cytokinesis, such as apical junctions, Notch/Numb, centrosomes, and the MB itself (Dubreuil et al., 2007; Higashi et al., 2016; Kim et al., 2010; Paridaen and Huttner, 2014) .
Previously, we showed that mutation of the Kinesin-6 Kif20b in mice causes microcephaly (Dwyer et al., 2011; Janisch et al., 2013) . Kif20b localizes to the central spindle during furrowing, then to MB flanks and constriction sites (Abaza et al., 2003; Janisch et al., 2018) . We showed in HeLa cells, Kif20b depletion disrupts furrowing speed, MB maturation and abscission timing, but not completion (Janisch et al., 2018) .
This raised the question of whether Kif20b loss in NESCs causes similarly subtle or more severe defects in cytokinesis, possibly contributing to the microcephaly phenotype. In fixed brains of Kif20b mutants, we found no changes in mitotic or S-phase indices of cortical NESCs. Interestingly, the cortical NESCs did have a reduced midbody index and wider, disorganized MBs, but no increase in binucleate cells, which suggested a specific abscission defect. NESC apoptosis was elevated in the mutant embryo brains, suggesting that abscission defects cause apoptosis in a fraction of NESCs. We later found through a genetic cross of Kif20b with the p53 deletion mutant, that p53 loss fully blocks the apoptosis, but does not block the midbody defects, and only partially rescues the microcephaly. These findings suggested that Kif20b loss and abscission defects could lead to other consequences for NESCs aside from apoptosis, that could account for the remaining microcephaly (Janisch et al., 2013; Little and Dwyer, 2019) . Therefore, we wanted to more precisely define Kif20b's role in cytokinesis of NESCs, and test for other NESC daughter cell fate changes.
Here we address how cytokinetic mechanisms are regulated in neural stem cells during brain development. We perform for the first time, quantitative analysis of cytokinetic furrow ingression and abscission in NESCs through live imaging in intact cortical explants. We compare different developmental stages of control and Kif20b mutant brains. Our data suggest that abscission timing and MB disposal are regulated differently in proliferative and neurogenic NESC divisions. Bilateral abscission is frequently observed, releasing the midbody remnant (MBR) at the ventricular surface, consistent with the idea that the MBR has cell to cell signaling potential. Furthermore, in the Kif20b mutant NESCs, abscission is accelerated, and daughter cells are more likely to exit the cell cycle to become neurons. Thus the severe microcephaly caused by the loss of Kif20b can be attributed to early depletion of NESCs through two mechanisms: p53-dependent apoptosis and p53-independent cell cycle exit. Together these data add to a growing body of work showing that abscission timing and MBRs can influence stem cell daughter fates and tissue development.
Results and Discussion

Asymmetric cytokinesis in cortical NESCs
Cortical NESCs furrow asymmetrically, from basal to apical, and form the MB at the apical membrane ( Fig 1A, A' ). This may help maintain the polarity and apical adhesions of the stem cell niche. However, furrow ingression kinetics have not been analyzed in this system, in normal brains or cytokinesis mutants. To measure furrowing kinetics in NESCs within the polarized neuroepithelium, we adapted our previously established fixed cortical slab explant method (Janisch and Dwyer, 2016) . Dissecting cortices from membrane-GFP transgenic mice, and labeling polymerized microtubules with SiR-Tubulin, enables live time-lapse imaging of NESC cytokinesis from the apical surface. After the NESC apical endfoot rounds up in mitosis, the furrow initiates on the basal side, and ingresses asymmetrically towards the apical membrane as a contractile arch, rather than a ring ( Fig 1B, C) . In both E11.5 and E13.5 control cells, ingression proceeds smoothly, at a constant rate, over ~15 minutes until completion ( Fig 1D-F , S1A-C). Most Kif20b -/-NESCs behave like controls, and none show furrow regression.
However, a subset furrow abnormally, taking 24 minutes to complete ( Fig 1C-F Fig   S1C) . Previously, we showed acute depletion of Kif20b in HeLa cells did not prevent furrow completion, but slightly reduced ingression rate (Janisch et al., 2018) . Thus, our HeLa cell data predicted a subtle Kif20b mutant NESC furrowing defect, but also highlight the need for more studies to elucidate how polarized cytokinesis in epithelial stem cells is mediated.
Abscission duration is variable in NESCs and regulated by Kif20b
Mammalian cell lines such as HeLa and MDCK have been used to model mechanisms and kinetics of cytokinetic abscission, but it is unclear whether these immortalized cells accurately model abscission dynamics in tissue stem cells that must balance proliferation with differentiation. Using the cortical explant culture method, we analyzed the spatial and temporal dynamics of abscission in NESC MBs at the apical membrane. We defined abscission as microtubule disassembly on a MB flank, observed as the tubulin signal intensity at the abscission site decreasing to background level. Figure 2A shows a representative NESC at an early stage of abscission, with a wide MB. A rotated image stack (X-Z view) illustrates how the MB bridges the two daughter cells across their cell junction. At later stages of abscission ( Fig 2B) , the MB is thinner, and sometimes a microtubule constriction site can be seen on one flank. Time-lapse imaging captures the steps of abscission ( Fig 2C, D) .
To ask if abscission duration changes as brain development proceeds and NESC divisions switch from proliferative to neurogenic, we measured the time from MB formation to first abscission at two different ages. We found that the duration ranged from 15 to 120 minutes, with means of 57 and 47 minutes at E11.5 and E13.5, respectively (Fig 2E, F) . A cumulative frequency plot shows a trend to faster abscission at the later age, when divisions are more frequently asymmetric and neurogenic ( Fig   2G, solid lines) .
We previously found that fixed Kif20b mutant embryo brains display misshapen and disorganized MBs, and that Kif20b-depleted HeLa cells have dysregulated abscission timing. These data predicted that some Kif20b mutant NESCs have delayed or failed abscissions. To our surprise, in live imaging, every mutant NESC observed was able to complete abscission. Remarkably, the average time to first abscission was reduced compared to controls, by 18 minutes at E11.5, and 9 minutes at E13.5 (Fig 2E, F). Moreover, the cumulative frequency plot of Kif20b mutant abscissions shows similar curves at the two ages, suggesting a loss of developmental regulation ( Fig 2G, dashed lines). Also, at E13.5, Kif20b mutant MBs appear to be wider at the last time point captured before abscission, suggesting they abscise prematurely, or they narrow more rapidly than controls ( Fig S1D, E) . These data are consistent with our prior findings in fixed samples that Kif20b -/-NESC MBs tend to be wider than controls' (Janisch et al., 2013; Little and Dwyer, 2019) . Together these data support the idea that Kif20b function is important in early NESCs to coordinate abscission timing with MB maturation. The consequences of premature abscission for stem cell polarity or fate are unknown.
Next, we wanted to determine the frequency of cortical NESCs abscission on one or both MB flanks, the relative timing, and if this varies with developmental stage. Some studies in HeLa, fly germline, and C. elegans embryos reported MB abscission on one flank and inheritance by the opposite daughter (Daniel et al., 2018; Ettinger et al., 2011; Gromley et al., 2005; Kuo et al., 2011; Salzmann et al., 2014; Singh and Pohl, 2014) .
Other studies, by ourselves and others, report sequential abscissions on each flank in HeLa, MDCK and C. elegans cells (Chai et al., 2012; Gershony et al., 2017; Guizetti et al., 2011; Janisch et al., 2018; Konig et al., 2017; Lafaurie-Janvore et al., 2013) .
An attractive hypothesis is that an early symmetric proliferative division of a cortical NESC would occur through bilateral abscission and release of the MBR extracellularly, whereas a later asymmetric neurogenic division could result from unilateral abscission on one flank and MB inheritance by the other daughter, promoting asymmetric fates. Indeed, MBRs have been found in cerebrospinal fluid of early (E10.5) mouse embryos (Dubreuil et al., 2007) . However, we detected bilateral abscission just as often in E13.5 divisions as E11.5 divisions, in at least 60% of the cases (Fig 3A, B) .
The two abscissions usually occurred sequentially, but occasionally took place within the same time interval. The median time between the 1 st and 2 nd event was 30 minutes at E11.5 and 15 minutes at E13.5, with a maximum of 90 minutes (Fig 3C, D) . It is not clear whether the cases where only a single abscission could be scored with confidence were truly unilateral, or whether the second event was not detected due to imaging conditions. Further studies are needed to determine whether bilateral abscissions are a specific feature of proliferative stem cells or symmetric daughter fates.
We also asked whether Kif20b loss alters bilateral abscission frequency or kinetics in NESCs. It does not significantly alter the frequency (Fig 3 A, B ), but does significantly reduce the time between first and second abscissions at E11.5 NESCs ( Fig   3C) . In total, the mean time to complete bilateral abscissions was 23 minutes less in the Kif20b mutants at E11.5, and 13 minutes less at E13.5 ( Fig 3E, F, G) . Thus, Kif20b loss does not prevent MB release, and may in fact hasten it.
Increased association of MBRs with younger proliferative NESC divisions
The release of MBRs at the apical membrane suggests they could impact cell fate and polarization, perhaps by packaging or removing fate determinants. Potentially, MBRs could transmit signals to neighboring cells by surface binding or uptake, as seen in other cell types (Chai et al., 2012; Crowell et al., 2014; Fazeli et al., 2016; Peterman et al., 2019) . MBRs were reported to influence ciliogenesis on MCDK cells, proliferation vs differentiation in cell lines, and spindle orientation in C. elegans. (Bernabe-Rubio et al., 2016; Ettinger et al., 2011; Kuo et al., 2011; Singh and Pohl, 2014) .
We wondered whether NESC MBRs float into the ventricle, or remain associated with the apical membrane. In live explants, we were not able to follow MBRs after the second abscission. So, we used fixed cortical slabs to study MBR disposal at different ages. MBRs can be identified by immunostaining for endogenous Citron kinase (CitK) and Aurora Kinase B (AurKB) ( Fig S2) (Ettinger et al., 2011) . We quantified MBRs on the apical surface at two ages, when divisions are primarily proliferative (E11.5) or neurogenic (E15.5). Both pre-abscission MBs (brackets) and post-abscission MBRs (arrowheads) are observed at the apical membrane at both ages ( Fig 4A) . Interestingly, there were ~4-fold more MBRs observed on E11.5 cortices than E15.5 ( Fig 4B) . This striking difference suggests that E15.5 NESCs may have different regulation of either MBR release or degradation. This developmental difference was not altered by Kif20b loss.
To more precisely quantify MBR association with individual NESC divisions, we modified the established NESC "pair cell" assay (Qian et al., 1998) . NESCs were plated as single cells at clonal density, and fixed the next day to score individual NESC daughter pairs for the presence of MBRs (Fig 4C, D) . Similar to the in vivo analysis, E11.5 division pairs were ~6-fold more likely to have a MBR present than E15.5 pairs ( Fig 4E) . Again, Kif20b is not required for this developmental change.
These data suggest that MBRs are more associated with early proliferative NESC divisions than later neurogenic divisions. To test this further, we scored MBR association in the different types of divisions of E11.5 NESCs. By co-labeling with NESC and neuron markers, the division pairs were classified as proliferative symmetric, neurogenic symmetric, or asymmetric ( Fig 4F) . Interestingly, E11.5 division pairs that have an associated MBR are more likely to be proliferative symmetric ( Fig 4G, control) .
This supports the idea that MBR presence, and perhaps bilateral abscission, are associated with proliferative symmetric division. Curiously, in the Kif20b mutant, this association is no longer seen, perhaps due to an overall reduction of proliferative symmetric divisions ( Fig 4G, Kif20 -/-bars). Thus, MBR presence may influence a NESC division towards proliferative symmetric fates, but does not appear to be the primary effector in this process. It is not known if NESCs have similar mechanisms for MBR engulfment and degradation as other cell types (Chai et al., 2012; Crowell et al., 2014) , but differential regulation of these processes in early versus late-stage stem cells could alter the ability of MBRs to influence the polarity or fates of progeny. The composition and signaling capacity of MBRs in stem cells and other dividing cell types require further investigation.
Premature cell cycle exit of early Kif20b mutant NESCs may contribute to microcephaly
We noticed that Kif20b -/-NESCs had fewer proliferative symmetric divisions, and more neurogenic divisions than controls, regardless of MBR association ( Fig 4G) .
To directly test whether Kif20b -/-NESCs have different division outcomes, we quantified the daughter fates of individual divisions. Pooling division pairs with and without MBRs, we find that Kif20b mutant NESCs from E11.5 brains have a significant increase in neurogenic symmetric outcomes compared to controls, 61% versus 42% ( Fig 5A) . This comes at the expense of fewer proliferative symmetric divisions (17% vs 38%). NESCs from E15.5 brains normally have more neurogenic than proliferative divisions ( Fig 5B, control, and Fig S3A) . However, Kif20b mutants do not show this profound developmental shift ( Fig 5A, B Fig S3B) . This suggests that Kif20b's function helps maintain stemness, biasing early NESC divisions to produce two NESC daughters.
These data suggest Kif20b mutant NESCs have premature neurogenesis (early cell cycle exit). To test this in vivo, we measured the width of the earliest neuronal layer (preplate) at E12.5 in control and mutant brains. We find a small but highly significant increase in the proportional thickness of the preplate in Kif20b -/-cortices ( Fig 5C, D) , not due to decreased neuron density ( Fig 5E) . These results suggest that in early Kif20b-/-cortices, some daughters of NESC divisions prematurely exit the cell cycle to become postmitotic neurons. This depletion of the early stem cell pool would reduce the potential brain size at birth.
We previously showed that some NESCs in Kif20b mutant cortices undergo apoptosis, and that this is p53-dependent (Little and Dwyer, 2019) . We also showed p53 accumulates in the nucleus of Kif20b -/-NESCs at late MB stage. Therefore, we hypothesized that the increased early cell cycle exit could also result from p53 activation. To test this, we assayed division types in Kif20b; p53 double mutant NESCs. Surprisingly, the increase in symmetric neurogenic divisions caused by loss of Kif20b is not prevented by p53 knockout (Fig S3D) . Both the Kif20b and Kif20b; p53 double mutants have a 45% increase in neurogenic divisions. Cell cycle exit was increased in NESCs double mutant for Kif20b and p53, but not p53 alone ( Fig S3E) . Thus, our data show that early NESCs in the Kif20b mutant mouse are depleted due to both p53dependent apoptosis (Little and Dwyer, 2019) and p53-independent cell cycle exit (this paper).
Recent progress in cell lines has elucidated a few of the signaling molecules that activate p53-mediated cell cycle arrest following mitotic delay, but abscission delay was not addressed (Lambrus et al., 2016; Meitinger et al., 2016) . Furthermore, cortical NESC daughters appear to respond differently: p53 is not required for cell cycle exit (neurogenesis) following mitotic delay, but p53 does mediate apoptosis in some cells instead (Pilaz et al., 2016) . This echoes the aforementioned findings in Kif20b mutant NESCs, but we found no evidence for delayed or defective mitosis in the Kif20b mutant (Janisch et al., 2013; Little and Dwyer, 2019) . Since cell cycle exit is a normal developmental event for the neuronal daughters of NESCs, a non-p53 pathway may be primed to mediate it. Recent evidence suggests NESCs may be more sensitive to p53 levels than other stem cell types such as cardiac (Bowen et al., 2019) . Since stem cells must give rise to many daughters over a long time window, they may have evolved sensitive responses to defects in cell division so they exit the cell cycle or undergo apoptosis rather than produce damaged daughter cells that would disrupt tissue structure or function. More studies are needed to determine whether and how p53 and other pathways are activated by defects in MB structure or abscission timing.
The consequences of altered abscission timing in stem cells or other cell types are poorly understood (Stoten and Carlton, 2018) . Interestingly, delayed abscission timing in the fly germline is important for maintaining stem cell fate (Lenhart and DiNardo, 2015) . Delayed abscission in HeLa cells causes persistent intercellular bridges, MB regression/ binucleation, or cell death (Gromley et al., 2003) . Faster abscission was induced in HeLa cells, but no morphological or fate consequences were described (Carlton et al., 2012) . In cortical NESCs, fate-signaling events at the apical membrane happen concurrently with abscission, and could be affected by abscission duration. These include new apical junction building, notch signaling across it, and centrosome docking/ ciliogenesis. As these events occur, the MBR could accumulate fate determinants to sequester or transmit. Future studies in multiple stem cell types and developing tissue systems are needed to further elucidate how developmental regulation of abscission contributes to stemness, differentiation, and building tissues and organs.
Materials and Methods
Mice
The mouse protocols are approved by the IACUC and the colonies are maintained in accordance with NIH guidelines. The morning of the vaginal plug was considered E0.5.
All embryos were harvested by cesarean section and littermate controls were used when possible. The Kif20b magoo (Kif20b -/-) mutant mouse was generated in an ENU screen (Dwyer et al. 2011) . It carries a loss-of-function splice site mutation that reduces the protein to undetectable levels (Janisch et al., 2013) . The Kif20b mutant mouse was crossed with both the mT/mG reporter line (Jax stock #007576) and Sox2-Cre mice (JAX stock #008454) (Hayashi et al., 2002; Muzumdar et al., 2007) to produce mice that expressed membrane-localized GFP. The p53 null mouse (Trp53 tm1Tyj (JAX stock #002101) was crossed to the Kif20b mutant mouse (Jacks et al., 1994; Little and Dwyer, 2019) . 
Antibodies and immunofluorescence staining
Pair cell assay and NESC cultures
The pair cell assay for dissociated cortical NESC divisions was adapted from (Chau et al., 2015; Qian et al., 1998) . E11.5, E12.5 or E15.5 mouse embryos were dissected from the dam in hibernate media (Gibco Hibernate-E A12476-01). Cortices were removed and placed into a 15 mL conical tube. Meninges were removed from E15.5 cortices. Papain from Worthington kit (Worthington Biochemical Corporation, LK003150) was used for dissociation. Cortices were placed on a rotator at 37 °C for 30 minutes (E11.5 or E12.5) or 45 minutes (E15.5). Manual dissociation followed by centrifugation at 4 °C at 1300 rpm for 10 minutes and then wash with DMEM (Invitrogen 11960-051).
The wash and centrifugation are repeated three times. After the final wash, the cortices were manually dissociated with a 1 mL pipette followed by a glass Pasteur pipette. The The cortices were at room temperature (20 °C) for 15 minutes to allow for the clumps to settle to the bottom of the conical tube. Between 1 to 3 µL of cells from the top of the tube were added to each well of the poly-L-lysine coated Terasaki plates (Fisher cat # 07-000-401) to get a low density. The plates were placed in a humidifying chamber and into a 37 °C incubator with 5% CO2 to incubate for 20 hours. NESC cultures were fixed with 4% paraformaldehyde (PFA) for 2 minutes followed by 5 minutes cold methanol (100% methanol at -20 °C) in -20 °C freezer. Immunostaining was followed as described above except the plate was kept in a humidified chamber to prevent evaporation and volumes of washes and antibodies were adjusted. All washes were done by flooding the plate with 5 mL of PBS. Primary and secondary incubations were done by adding 10 µL of solution to each well.
Images were acquired using a Zeiss AxioZoom Observer.Z1 with a 40x air objective.
BrdU in a modified pair cell assay
We modified the previous assay by feeding BrdU to higher density NESC cultures at plating, so that NESCs that divided in the dish could be identified as BrdU+ pairs. Primary cortical NESCs were plated on coverslips at 100,000 cell density with 10 µM BrdU (Sigma B5002-500mg) and allowed to incubate at 37 °C for 6 hours. The media was exchanged to wash out the BrdU, and the culture continued to incubate for 14 hours. The cells were then fixed at 20 hours with 4% PFA for 10 minutes. Antigen retrieval was performed using 0.07 M NaOH for 2 minutes before proceeding to immunostaining. Images were acquired at 40x using a Zeiss AxioImagerZ1 microscope with AxioCam mRM.
Cortical slabs for fixed tissue
This method was previously described (Janisch and Dwyer, 2016) . Briefly, the skulls were opened to reveal the cortices. The entire head was fixed for 20 minutes in 2% PFA for E11.5 and 4% PFA for E15.5. Cortices were pinched off and placed in slide wells . The total slab thickness varied by age (E11.5: ~150µm, E15.5: ~400µm). The slabs were briefly fixed again with PFA before immunostaining.
Images were acquired using the 60x objective on the Applied Precision (GE) DeltaVision microscope. E11.5 or E15.5 cortical slabs were immunostained for the endogenous MBR marker citron kinase (CitK) and flank marker AuroraB (AurKB) to analyze the number and location of midbodies and midbody remnants. Pre-abscission midbodies were identified by CitK in the bulge surrounded by two AurKB positive flanks.
Post-abscission midbody remnants were identified by the shape (ring or oval) and size (not greater than 1.5 µm diameter) of the CitK.
Cortical slabs for cleavage furrow and abscission live imaging
E11.5 or E13.5 embryos were removed from the uterus and dissected in cold 1x PBS.
Embryos were checked for GFP or RFP fluorescence before removal of cortices. The embryos heads were removed followed by the opening of the skull. Once the skull had been opened tweezers were used to pinch out the cortices. Each cortex was placed into a glass bottom dish (MatTek P35G-1.0-20-C) with 50 nM silicone-rhodamine tubulin (SirTubulin) (Cytoskeleton CY-SC002) made in final culture media. The slabs were then trimmed and flipped, so the apical surface was facing towards the glass coverslip. Each dish was placed in a humidifying chamber and into a 37 °C incubator with 5% CO2 overnight (Approximately 15 hours). The next day the cortices were removed from the incubator, and the 5 0nM Sir-Tubulin-containing media was removed. Matrigel (Corning 356237) (1:3 dilution in final culture media) was added to the cortical slab. High vacuum grease (Fisher 14-635-5D) was placed on the edge of the glass coverslip, and a coverslip (Fisher 12-545-100) was placed over the top of the slab. Gentle pressure was applied to the coverslip at the spots where the vacuum grease was placed. The slabs were placed back into the incubator, and the Matrigel was allowed to solidify for 5 minutes. Final culture media was added to the dish, and then imaging was performed.
An Applied Precision (GE) DeltaVision with Truelight Deconvolution and softWorx suite 5.5 image acquisition software equipped with a heating plate and 40X objective was used for time-lapse image acquisition. Images were taken every 15 minutes for abscission and every 3 minutes for cleavage furrowing for up to 6 hours. Z steps were 0.4 µm, and approximately 10 µm of the cortical slab was imaged. The total slab thickness varied by age (E11.5: ~150µm, E13.5: ~200µm).
Abscission and cleavage furrow analysis
Deconvolved full-z-stacks and maximum intensity projection images were analyzed using ImageJ. The time zero was MB formation as ascertained by SiR-Tubulin appearance. Abscission was determined as the time point where there was complete removal of tubulin, when the tubulin signal intensity at the abscission site decreased to background level, on one or both sides of the MB bulge. MB membrane scission was shown to be temporally coincident with microtubule disassembly by (Elia et al., 2011; Lafaurie-Janvore et al., 2013; Steigemann et al., 2009 ), but we cannot rule out that the Figure S1 shows cleavage furrowing at E11 and midbody width right before abscission. Supplemental Figure S2 shows that citron kinase localizes to the midbody bulge and remnant with Cep55. Supplemental Figure S3 shows the cell fate changes observed in the Kif20b mutants are p53-independent. This work was supported by NIH (R01 NS076640 and R21 NS106162 to NDD) and the Robert R. Wagner Fellowship to KCM. We thank Xiaowei Lu, Bettina Winckler, Ann Sutherland, Sarah Siegrist, Jung-Bum Shin, Ahna Skop, Maria Lehtinen, Anthony Lamantia and their labs for advice and discussion. We thank Sara Martin and Adriana Ehlers for data analysis. (A) Dissociated E12.5 NESCs identified by endogenous staining for Nestin. Survivin shows two daughter cells still connected by a MB (yellow arrow). CitK appears as a ring around the bulge of MBs(A') and MBRs (white arrows, A'', A''' (Ettinger et al., 2011; Gruneberg et al., 2006) ). (B) Images of dissociated E11.5 NESCs immunostained for endogenous CitK, Cep55, and AurKB show their localizations at different midbody maturation stages. AurKB localizes to the flanks of early and late MBs, but is mostly absent in MBRs. CitK localizes as a ring around the bulge of early and late MBs as well as MBRs. Cep55 also accumulates in a ring around the MB bulge, but only at late stages, and remains in MBRs (Bastos and Barr, 2010; Crowell et al., 2014; Kuo et al., 2011) . 
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